Observation of η c (2S) → pp and search for X(3872) → pp decays
Introduction
Charmonium has proved to be a remarkable laboratory for the study of quantum chromodynamics in the non-perturbative regime. By comparing theoretical predictions with experimental results one can verify and tune the parameters of theoretical models in order to improve the accuracy of the predictions. In addition, in recent years, many exotic charmonium-like states have been observed, renewing interest in charmonium spectroscopy above the open-charm threshold [1, 2] . The B + → ppK + decay 1 offers a clean environment to study intermediate resonances, such as charmonium and charmonium-like states decaying to pp. The presence of pp in the final state allows intermediate states of any quantum number to be studied.
The first radial excitation η c (2S) of the charmonium ground state η c (1S) was observed at the B factories [3] [4] [5] and, to date, only a few of its decay modes have been observed. The BESIII collaboration has recently searched for the η c (2S) → pp decay in ψ(2S) radiative transitions [6] , and set an upper limit on the product of branching fractions B(ψ(3686) → η c (2S)γ) × B(η c (2S) → pp).
The η c (1S) state is the lowest-lying S-wave spin-singlet charmonium state and has been observed in various processes. The measurements of the η c (1S) mass and width in radiative charmonium transitions show a tension with those determined in different processes such as photon-photon fusion and B decays [7] . Detailed investigations of the line shape of the magnetic dipole transition by the KEDR [8] and CLEO [9] collaborations indicate that additional factors modify the naïve k 3 dependence on the photon momentum, k, assumed in earlier measurements. This would affect the measurements of the mass and width in radiative charmonium transitions.
In this paper, the first observation of η c (2S) → pp decay and a search for ψ(3770) → pp and X(3872) → pp decays are reported. The measurements of the branching fractions are relative to that of the B + → J/ψ (→ pp)K + decay. Additional measurements of the η c (1S) and η c (2S) mass and the η c (1S) width are reported. This new measurement of the η c (1S) resonance parameters in exclusive B + → [cc]K + decays, where [cc] stands for a generic charmonium resonance, is independent of the above-mentioned line-shape complications.
Detector and simulation
The LHCb detector [10, 11] is a single-arm forward spectrometer covering the pseudorapidity range 2 < η < 5, designed for the study of particles containing b or c quarks. The detector includes a high-precision tracking system consisting of a siliconstrip vertex detector surrounding the pp interaction region, a large-area silicon-strip detector located upstream of a dipole magnet with a bending power of about 4 Tm, and three stations of silicon-strip detectors and straw drift tubes placed downstream of the magnet. The tracking system provides a measurement of momentum, p, of charged particles with a relative uncertainty that varies from 0.5% at low momentum 2 to 1.0% at 200 GeV. The minimum distance of a track to a primary vertex (PV), the impact parameter (IP), is measured with a resolution of (15 + 29/p T ) µm, where p T is the component of the momentum transverse to the beam, in GeV. Different types of charged hadrons are distinguished using information from two ring-imaging Cherenkov detectors. The online event selection is performed by a trigger, which consists of a hardware stage, based on information from the calorimeter and muon systems, followed by a software stage, which applies full event reconstruction.
At the hardware trigger stage, events are required to have high transverse energy in the calorimeters. For hadrons, the transverse energy threshold is 3.5 GeV. The software trigger requires the presence of a two-, three-or four-track secondary vertex with significant displacement from the primary pp interaction vertices. At least one charged particle must have p T larger than 1.7 GeV and be inconsistent with originating from a PV. A multivariate algorithm [12] is used for the identification of secondary vertices consistent with the decay of a b hadron.
Simulated decays of
+ and B + → ppK + , generated uniformly in phase space, are used to optimise the signal selection and to evaluate the ratio of the efficiencies for each considered channel with respect to the B + → J/ψ (→ pp)K + mode. In the simulation, pp collisions are generated using Pythia 8 [13] with a specific LHCb configuration [14] . Decays of hadronic particles are described by EvtGen [15] , in which final-state radiation is simulated using Photos [16] . The interaction of the generated particles with the detector, and its response, are implemented using the Geant4 toolkit [17] as described in Ref. [18] .
Event selection
The selection of the B + candidates is done in two stages. A loose preselection is based on track quality, momentum, transverse momentum, impact parameter of the B + candidate and its daughters, B + flight distance, and particle identification (PID) of the p andp candidates. The reconstructed B + candidates are required to have a ppK + invariant mass in the range 5.08 − 5.68 GeV. The asymmetric invariant mass range around the known B + mass is chosen to select B + → ppπ + candidates also. The reconstructed candidates that meet the above criteria are further filtered using a boosted decision tree (BDT) algorithm [19, 20] . The BDT is trained on a signal sample of simulated B + → ppK + decays and a background sample of data taken from the upper B + -mass sideband in the range 5.34 − 5.48 GeV. The upper sideband is exploited to avoid partially reconstructed background. Input quantities include variables related to the B + candidate and its daughter particles, B
+ decay vertex quality and its displacement from the PV, B + flight direction inferred from the two vertex positions, B + momentum and final-state particle identification. The selection criterion on the BDT response is chosen by maximising the significance of the χ c1 → pp signal yield in data. The number of events from this well-known transition provides a control sample comparable in size to that of the η c (2S).
Invariant mass spectra and event yields
An extended unbinned maximum likelihood fit is performed to the ppK + invariant mass distribution. The backgrounds observed in the ppK + mass distribution are subtracted using the sPlot technique [21] to extract the pp mass spectrum in B + → ppK + decays. Signal yields for the resonant contributions are then determined from an extended unbinned maximum likelihood fit to the pp mass spectrum. To improve the pp invariant mass resolution, the fit to the B + decay vertex is performed with the B + mass constrained to the known value [7] and the B + candidate pointing to the PV [22] . The pp mass spectrum is also used to determine the mass differences M J/ψ − M ηc(1S) and M ψ(2S) − M ηc(2S) and the natural width of the η c (1S) state. In order to have accurate mass measurements, a calibration is applied to the momenta of the final-state particles. Large samples of B + → J/ψ K + decays with J/ψ → µ + µ − are used to calibrate the momentum scale of the spectrometer [23] .
The ppK + invariant mass distribution is shown in Fig. 1 . The signal peak is parameterised using an Apollonios probability density function (PDF) [24] . The yield, mean and resolution are allowed to vary freely in the fit, while the tail parameters are fixed to the values obtained from simulation. The combinatorial background component is parameterised by an exponential function. Partially reconstructed background due to B + → ppK + π 0 decays is parameterised using an ARGUS PDF [25] convolved with a Gaussian resolution function with parameters fixed to the values obtained from simulation. The misidentified background due to B + → ppπ + decays, where the charged pion is misidentified as a kaon, is parameterised with a bifurcated Gaussian PDF [26] and parameters fixed to the values obtained from simulation. The yields of partially reconstructed and misidentified backgrounds are determined from data.
Six charmonium resonances are included in the nominal fit to the pp invariant mass spectrum: η c (1S), J/ψ , χ c0 , χ c1 , η c (2S) and ψ(2S). Alternative fits including the ψ(3770) or the X(3872) resonances are performed in order to estimate upper limits on their branching fractions. The J/ψ and ψ(2S) peaks are parameterised with a double Gaussian PDF. The η c (1S), η c (2S), χ c0 and ψ(3770) shapes are modelled with a relativistic BreitWigner PDF convolved with a Gaussian PDF. The X(3872) and the χ c1 are described with a Gaussian PDF. Due to the B + mass constraint in the vertex fit, the pp mass resolution is effectively constant in the entire pp spectrum. The resolution for all charmonium states is fixed to that of the J/ψ state. The masses of the χ c0 , χ c1 , X(3872) and ψ(3770) states are fixed to the known values [7] . The J/ψ and ψ(2S) peak positions (M J/ψ and M ψ(2S) ), the mass differences (M J/ψ − M ηc(1S) and M ψ(2S) − M ηc(2S) ), and the natural width of the η c (1S) state (Γ ηc(1S) ) are free parameters and are obtained from the fit to the data. A Gaussian constraint to the average value for the natural width of the η c (2S) is applied [7] . The pp non-resonant component is assumed to have no relative orbital angular momentum, J = 0. The fit includes a possible interference effect between the η c (1S) state and the J = 0 non-resonant component. The amplitude is given by |A| 2 = |A non-res + f e iδ A ηc(1S) | 2 , where A non-res is the amplitude of the non-resonant component, A ηc(1S) is the amplitude of the η c (1S) state, δ is the phase difference and f a normalisation factor. The shape of the non-resonant component in the pp mass spectrum follows a phase-space distribution [7] . The fit result is shown in Fig. 2 . Using Wilks' theorem [27], the statistical significance for the η c (2S) signal is found to be 6.4 standard deviations. No evidence for the ψ(3770) and X(3872) resonances is found. The signal yields are reported in Table 1 .
Efficiencies and systematic uncertainties
The branching fraction of the B + → [cc](→ pp)K + decay for a specific [cc] resonance relative to that of the J/ψ is given by
where
are the numbers of decays and J/ψ / cc is the total efficiency ratio. The total efficiency is the product of the detector geometrical acceptance, the trigger efficiency, the reconstruction and selection efficiency, the PID efficiency, and the BDT classifier efficiency. The ratio of the efficiencies between the signal and the normalising J/ψ channels is determined 588 ± 30 ψ(3770) −6 ± 9 X(3872) −14 ± 8 using simulated samples. To account for any discrepancy between data and simulation, the PID efficiencies of kaons and protons are calibrated from data samples of
For each simulated candidate, its PID value is replaced by a value extracted randomly from the corresponding PID curves determined from control samples. The selection is then applied to the PID-corrected simulated sample to estimate the efficiency.
Systematic uncertainties originate from the determination of the signal yields, efficiencies, selection procedure and branching fractions. Since the final state is common for all considered decays, most of the systematic uncertainties cancel in the ratios. Imperfect knowledge of the invariant mass distributions for the signal and background causes systematic uncertainties in the signal yield determination, the mass difference and width measurements. The contribution from the fit model is studied by using alternative shapes for the B + component, for the [cc] states and for the background. For the B + signal shape, a Gaussian PDF with power-law tails on both sides and the sum of two Gaussian PDFs with power-law tails are used as alternatives to the Apollonios PDF. The combinatorial background component in the ppK + invariant mass is parameterised using a linear PDF. The effect of removing the peaking background due to misidentified B + → ppπ + decays is investigated by checking the variation of the ratio of the branching fractions by including or neglecting this component in the fit. Incorrect modelling of the partially reconstructed background can also introduce a systematic uncertainty. This is estimated by removing the ppK + invariant mass fit range below 5.20 GeV in order to exclude its contribution. In the fit to the pp spectrum, for the J/ψ signal, the Apollonios PDF is used as an alternative to the sum of two Gaussian PDFs. The range of the pp invariant mass spectrum is also varied. The systematic uncertainty due to the variation of the fit range gives a negligible contribution to the branching fraction measurement while it is the largest contribution to the M J/ψ − M ηc(1S) difference. The largest variation in the ratio of the branching fractions due to the fit model is assigned as the corresponding systematic uncertainty.
Possible biases related to the signal selection criteria are investigated by varying the BDT requirement and by checking the effect on the branching fraction ratio and on the efficiency ratio, after accounting for statistical fluctuations. The maximum variation in the ratio of the yields or the maximum variation in the mass difference and width Table 2 : Systematic uncertainties in units of 10 −4 on the η c (2S), X(3872) and ψ(3770) branching fraction measurements relative to that of the J/ψ . The efficiency contribution includes both the PID efficiency variation and the statistical error due to the finite size of the simulated samples. 
and the Γ ηc(1S) measurements. The systematic uncertainty associated to the momentum scale calibration is negligible for the total width Γ ηc(1S) measurement. measurements are considered as an estimate of the corresponding source of systematic uncertainty. In addition, variations in the procedure used to determine the PID efficiency and the uncertainty due to the finite size of the simulated samples, lead to an uncertainty on the efficiency ratio in the the branching fractions evaluation. The total systematic uncertainties on the relative branching fraction measurements, determined by adding the individual contributions in quadrature, are listed in Table 2 . The significance, including systematic uncertainties, of the signals is determined by convolving the profile likelihoods used in the yield determinations with a Gaussian with a width equal to the size of the systematic uncertainties that affect the yield. From the modified profile likelihood the significance of the η c (2S) signal is found to be 6.0 standard deviations. The upper limits at 90% and 95% confidence level on the X(3872) and ψ(3770) ratio of branching fractions are determined from integrating the profile likelihood functions.
The measurements of the mass differences M J/ψ − M ηc(1S) and M ψ(2S) − M ηc(2S) and the natural width of the η c (1S) state are further affected by the uncertainty in the momentum scale calibration. This systematic uncertainty is small for the mass differences and negligible (< 0.003 MeV) for the natural width. Table 3 summarises the systematic uncertainties on the measurement of the M J/ψ − M ηc(1S) , M ψ(2S) − M ηc(2S) mass differences and on the η c (1S) natural width.
Results and conclusions
A search for the η c (2S), ψ(3770) and X(3872) contributions in B + → ppK + decays is performed using data corresponding to an integrated luminosity of 3.0 fb −1 recorded at centre-of-mass energies of √ s = 7 TeV and 8 TeV. The branching fractions are determined using the B + → J/ψ (→ pp)K + decay as normalization channel. The η c (2S) → pp decay is observed for the first time with a total significance of 6.0 standard deviations. The relative branching fraction is measured to be
where the first uncertainty is statistical and the second systematic. For the B + → X(3872)(→ pp)K + and the B + → ψ(3770)(→ pp)K + decays, the upper limits at 90 (95)% confidence level are
The visible branching fraction calculated using the value of B(B [7] is determined to be
where the last uncertainty is due to the uncertainty on B(B + → J/ψ K + ) × B(J/ψ → pp). The differences between M J/ψ and M ηc(1S) and between M ψ(2S) and M ηc(2S) are measured to be
The natural width of the η c (1S) is found to be Γ ηc(1S) = 34.0 ± 1.9 ± 1.3 MeV.
In contrast to the determinations using radiative decays, these mass and width determinations do not depend on the knowledge of the line shapes of the magnetic dipole transition. 
